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Abstract

:

Due to increasingly stringent environmental regulations imposed by governments throughout the world, the manufacture of low-sulfur fuels has received considerable assiduity in the petroleum industry. In this investigation, mesoporous V2O5-decorated two-dimensional ZnO nanocrystals were manufactured using a simple surfactant-assisted sol–gel method for thiophene photocatalytic oxidative desulfurization (TPOD) at ambient temperature applying visible illumination. When correlated to pure ZnO NCs, V2O5-added ZnO nanocomposites dramatically improved the photocatalytic desulfurization of thiophene, and the reaction was shown to follow the pseudo-first-order model. The photocatalytic effectiveness of the 3.0 wt.% V2O5-ZnO photocatalyst was the greatest among all the other samples, with a rate constant of 0.0166 min−1, which was 30.7 significantly greater than that of pure ZnO NCs (0.00054 min−1). Compared with ZnO NCs, and owing to their synergetic effects, substantial creation of hydroxyl radical levels, lesser light scattering action, quick transport of thiophene species to the active recenters, and efficient visible-light gathering, V2O5-ZnO nanocomposites were found to have enhanced photocatalytic efficiency. V2O5-ZnO nanocomposites demonstrated outstanding stability during TPOD. Using mesoporous V2O5-ZnO nanocomposites, the mechanism of the charge separation process was postulated.
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1. Introduction


Sulfate particles and exhaust gas are primarily formed from sulfur-containing fuels, which are the primary drivers of acid rain and pose a serious threat to human health and the ecosystems [1,2]. Recently, catalyzed hydrodesulfurization (HDS) is used in industry sectors to desulfurize fuels, with catalysts made of NiMo2 and CoMo sulfides. Even though HDS requires harsh circumstances such as a high H2 input, temperature, and pressure, it may transform sulfur-containing organic molecules such as thiophene into H2S, which can be easily disposed of and segregated [1]. Because of its aromaticity and the low electron density of sulfur, thiophene-stimulated desulfurization demands a huge effort in oxidation; as a result, it is critical to design an active photocatalyst for desulfurization as well as a hybrid approach based on complete oxidation processes [2]. Selecting the most appropriate regime for catalyst synthesis for a particular application is an essential issue [3]. The nanostructured materials’ special characteristics, such as efficacious electronic and optical features, high mechanical resistance, high refractive index, non-toxic nature, and excellent photostability, make them an excellent option for a multitude of purposes as efficient catalysts and photocatalysts [4,5,6,7,8,9,10,11,12]. As the reactivity of aromatic C-S bonds is substantially identical to that of oil hydrocarbons, it is hard to transform thiophene compounds into SOx products using conventional moderate desulfurization procedures for the creation of ecologically friendly fuels. Rather, they are mostly converted into sulfoxides and sulfones that are difficult to separate from the fuel source [1]. Using hydrogen and a Ti-based catalyst, several catalytic desulfurization techniques for thiophene decomposition have been described, with a sulfur removal efficiency of 60–90% from fuel at high temperatures [13,14]. Alternative catalytic desulfurization research that used Fenton reagent and acetic acid to separate thiophene from simulated crude oil accomplished a sulfur elimination of nearly 70% after 30 min [15]. During the 3 h of crude oil desulfurization leading to an expanded surface area metallic framework, around 93–99% of the sulfur was eliminated [16]. Because of its many implications in the removal of pollutants, such as the removal of hazardous ions [17,18] and a wide range of organic pollutants [19,20,21], aside from its utility in the production of important chemical molecules [22,23], photocatalysis has gained considerable attention among researchers. A promising regime for eliminating sulfur-containing chemicals from the fuel is photocatalytic oxidative desulfurization [24,25]. For enhancing photocatalytic efficiency, active nanocrystals (NCs) with high dispersal rates and reduced sizes are beneficial [26,27]. They are dependent on catalyst supports’ surface area, crystal phase, and microstructure [28,29]. As a result, the precise manufacturing of ZnO catalysts with suitable morphologies is critical and remains a significant barrier to promoting superior catalytic effectiveness for biomass improvement [30,31]. Transition metal oxides with mesoporous architectures are clearly in great demand owing to their unique properties such as mechanical stress buffering, light absorption, and expanded surface area, in addition to low density for target molecule diffusion and adsorption [32,33,34,35,36]. The photocatalytic activity of ZnO-based catalysts at the nanoscale is remarkable. Additionally, having a porous texture, in combination with a carefully regulated shape and size, can result in catalysts with unique functionalities for particular tasks. Using sacrificial silica species as a hard template, ZnO spheres can be created [23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Regrettably, owing to the template’s removal step disadvantage, the processes for synthesis employing hard templates are limited, and the calcination process may cause the porous structures to crumble [37]. As a result, developing a low-cost, straightforward technique for generating mesoporous ZnO with increased stability and an appropriate design represents a significant problem. A p-type V2O5 semiconductor, on the other hand, does have a low bandgap energy rate of about 2.2 eV [38]. Furthermore, V2O5 is commonly used to enhance visible light harvesting and promote photonic effectiveness. As a consequence, due to easy fabrication methods, operability, and high performance, it is appropriate to develop heterojunctions by coupling V2O5 with another metal oxide such as V2O5-CeO2 [39], V2O5-ZrO2 [40], or V2O5-TiO2 [41]. The special features of V2O5 make it a perfect choice for manufacturing mesoporous V2O5-ZnO nanocomposites for extremely efficient photocatalysts using sunlight. Only a few studies have been conducted on the production of V2O5-ZnO nanocomposites and their potential use as effective photocatalysts for the desulfurization of sulfur-containing compounds. It is worth noting that the shape, morphology, surface area, and geometry of the catalysts all impact their photocatalytic activity [42,43,44]. Due to the ease of diffusion, as well as the adsorption of target species, high surface-to-volume ratio, and excellent incident light absorption, mesoporous nanocomposites are extensively employed as photocatalysts, according to various research works [45]. Mesoporous V2O5-ZnO nanocomposites were constructed in this study for the photocatalytic oxidative desulfurization of thiophene with visible illumination at room temperature. When compared with ZnO NCs, the photocatalytic desulfurization of thiophene was greatly boosted by V2O5-ZnO nanostructured materials, which fitted the pseudo-first-order rule. In comparison to the other tested materials, the photocatalytic efficacy of the 3.0 wt.% V2O5-ZnO photocatalyst was the largest, with a velocity constant value of 0.0166 min−1, which was 30.7-fold that of ZnO NCs (0.00054 min−1). Using mesoporous V2O5-ZnO nanocomposites, the mechanism of the charge separation process was postulated.




2. Results and Discussion


2.1. Characterization of the Manufactured Materials


Figure 1 shows the X-ray diffractograms of pure ZnO NCs and V2O5-ZnO nanostructured materials with four V2O5 NC proportions. Diffraction peaks at 2θ of 31.71°, 34.29°, 36.15°, 47.61°, 56.53°, 62.81°, 67.85°, and 69.14° are distinguished in the X-ray diffractograms of pure ZnO sample that could be accredited to (100), (002), (101), (102), (110), (103), (112), and (201) crystal planes, respectively, affirming the inclusion of hexagonal wurtzite ZnO (JCPDS 36-1451) [22,23]. Obviously, all the mesoporous V2O5-ZnO nanostructured materials acquired diffraction patterns identical to those of pure ZnO, demonstrating the existence of crystal planes of hexagonal wurtzite ZnO in such samples. The presence of polycrystalline NCs was confirmed by the observation of narrow and sharp peaks in the diffractograms of all the investigated samples. In the diffractograms of the prepared nanocomposites, there were no diffraction peaks of V2O5 phase, presumably due to their extensively scattered nature and tiny particle sizes, as well as their low concentration. In addition, there were no further peaks in the diffractograms of the synthesized V2O5-ZnO nanostructured materials, showing that high purity nanocomposites were produced.



It is extremely difficult to strike a balance between good crystallinity and a vast surface area of heterogeneous photocatalysts, such that they are frequently used in combined forms to provide high stability and a large number of accessible sites. In this context, Table 1 summarizes the findings of N2 physisorption, which is a prospective technique for evaluating the specific surface area, pore size distribution, and other surface features of the different composites. Figure 2 shows N2 adsorption/desorption isotherms and pore size distribution for the samples made of pure ZnO NCs and the 3.0 wt.% V2O5-ZnO nanocomposite. All the obtained isotherms seemed to have isotherms of type IV accompanied by hysteresis loops of H3 type (IUPAC), suggesting the inclusion of mesoporous texture within the manufactured samples [19,22]. Furthermore, the presence of homogeneous cylindrical channels, which characterize the mesoporous structure, was confirmed by the detection of capillary condensation in the relative pressure area (0.42–0.92) (Figure 2). Table 1 demonstrates that the surface area of the studied nanocomposites marginally fell as the proportion of V2O5 increased. It is clear that ZnO NCs had a relatively large surface area (145 m2 g−1), which decreased to 118 m2 g−1 by applying a 4.0 wt.% V2O5-ZnO nanocomposite because some ZnO pores were blocked by the V2O5 NCs. The prevalence of mesoporous texture within pure ZnO NCs and V2O5-ZnO nanocomposite samples was proven by the narrow and sharp pore size curves for such samples (Figure 2 inset). It was also revealed from the data in Figure 2 inset that, as the proportion of V2O5 increased from 1 to 3.0 wt.%, the mean pore diameter of pure ZnO NCs reduced from 9.8 to 9.4 nm.



The microstructure of pure ZnO NCs and 3.0 wt.% V2O5-ZnO heterojunction samples were investigated using transmission electron microscopy images. Two-dimensional (2D) hexagonal ZnO NCs with a mean diameter of 15 nm appeared to be extensively dispersed and fully homogeneous in size, as seen in the TEM image of pure mesoporous ZnO in Figure 3a. In contrast, a TEM image of 3 wt.% V2O5-ZnO nanocomposite (Figure 3b) showed smaller NCs with sizes in the 4–6 nm range, having spherical shapes evenly dispersed throughout the ZnO surface. The HR-TEM of a selected area is seen in Figure 3c; the image highlights that both ZnO and V2O5 NCs were partly connected. Furthermore, it exhibits the typical lattice distances of 0.340 and 0.240 nm that could be accredited to the (110) and (101) crystal planes of V2O5 and ZnO, respectively [36,46].



The chemical states of 3.0 wt.% V2O5-ZnO nanocomposite was analyzed through X-ray photoelectron spectroscopy (XPS). Only V, Zn, and O were detected from the data of the XPS spectral curves of the V2O5-ZnO nanocomposite, as shown in Figure 4. The presence of two peaks at 524.6 and 517.1 eV in the XPS graph of V 2p might be ascribed to V 2p1/2 and V 2p3/2, correspondingly. As a result, it was possible to confirm the existence of V5+ inside the manufactured nanocomposite (Figure 4a) [47,48,49,50]. Figure 4b shows two obvious peaks for Zn 2p3/2 and Zn 2p1/2 situated at the binding energy values of 1021.63 and 1044.68 eV, respectively, which belong to the Zn2+ state [51,52,53]. The binding energy difference between Zn 2p3/2 and Zn 2p1/2 was determined to be 23.0 eV, suggesting the presence of a Zn2+ species that fits the Zn-O bonds [53]. For the V2O5-ZnO nanocomposite, the O 1s peak was divided into three peaks at 529.2, 530.7, and 532 eV, as shown in Figure 4c. The inclusion of lattice oxygen throughout V2O5-ZnO was attributed to the peaks observed at the binding energy values of 529.2 and 530.7 eV, correspondingly [54]. The signal at 532 eV, on the other hand, might be attributed to the existence of oxygen species connected to the created nanocomposite in the form of hydroxyl groups, which could be generated when water molecules are adsorbed on the nanocomposite surface [55].



UV-Vis spectroscopy was employed to evaluate the optical characteristics of the produced pure ZnO and V2O5-ZnO nanostructured materials. The absorption edge of pure ZnO was observed at 386 nm, whereas those of 1.0, 2.0, 3.0, and 4.0 wt.% V2O5-ZnO nanocomposites were approximated at 410, 420, 428, and 429 nm, correspondingly, as shown in Figure 5. The photocatalysts’ absorption spectra demonstrated intensive light harvesting in a comprehensive, visible portion of the spectrum (200–800 nm), demonstrating their exceptional photonic effectiveness. It is interesting to note that, by integrating V2O5 with ZnO, visible-light responses throughout V2O5-ZnO nanostructured materials are significantly improved. The bandgap energy rates of the manufactured V2O5-ZnO nanostructured materials were computed using the mathematical equation (αhν)1/n = A(hν − Eg), where α refers to the absorption coefficient, h refers to the Planck constant, ν expresses the frequency, n = 2 for the indirect transition, A is a constant, and Eg represents the bandgap; the data are displayed in Figure 5b. The results shown in Figure 5b disclosed that the bandgap energy for pure ZnO NCs was approximated at 3.21 eV, whereas the bandgap energy values decreased in the sequence of 3.02, 2.95, 2.90, and 2.89 eV for 1.0, 2.0, 3.0, and 4.0 wt.% V2O5-ZnO nanostructured materials. Consequently, the application of V2O5 in ZnO was considered to be necessary for achieving declined bandgap values in the manufactured nanostructured materials. V2O5-ZnO nanocomposites were found to acquire significantly better optical properties, allowing for more efficient utilization of solar light.




2.2. Photocatalytic Performance Assessment


By measuring the TPOD during visible irradiation, the photocatalytic activities of the produced pure ZnO NCs and V2O5-ZnO nanostructured materials at varying V2O5 fractions were examined. The desulfurization degree measured in the absence of the photocatalyst clarified that the quantity of thiophene did not alter after 3 h of visible irradiation. Furthermore, in the dark, thiophene adsorption supporting all V2O5-ZnO nanostructured materials was insignificant. Figure 6a depicts the relationship between the degree of thiophene desulfurization and illumination time after visible irradiation. The findings demonstrated that, as the irradiation period increased, the desulfurization degree rapidly improved. After 150 min of irradiation, the desulfurization percentage employing pure ZnO NCs was indeed found to be around 7%. On the other hand, the desulfurization degree was greatly enhanced by increasing the V2O5 percentages throughout the manufactured V2O5-ZnO nanostructured materials, reaching 29, 70, 93, and 94% by applying 1.0, 2.0, 3.0 and 4.0 wt.% V2O5 NCs, respectively. The variance in desulfurization extent was minimal when V2O5 percentages rise exceeded 3 wt.%. As a result, the optimal 3.0 wt.% V2O5-ZnO nanocomposite was nearly able to fully oxidize thiophene after 150 min, which was 13.28 times significantly greater than that of pure ZnO NCs. The outcomes of Table 1 elucidated that the rate of thiophene desulfurization by applying ZnO NCs was assessed to be 3.87784 molL−1 min−1, while those of 1.0, 2.0, 3.0 and 4.0 wt.% V2O5-ZnO nanocomposites were in the sequence of 17.684, 57.119, 118.374 and 123.366 molL−1 min−1 (Table 1). Intriguingly, the thiophene desulfurization rate by applying the 3.0 wt.% V2O5-ZnO nanocomposite was found to be 30.5 times higher than that of ZnO NCs. Actually, thiophene’s desulfurization performance when applying the synthesized materials was much superior to that of the earlier described nanomaterials [25]. The kinetic studies of the photocatalytic oxidative desulfurization of thiophene were carried out; the observed linear relationship of this photocatalytic process might be considered to be a pseudo-first-order style, known as the Langmuir-Hinshelwood model [56,57]. The Langmuir-Hinshelwood model is well-suited to heterogeneous photocatalysis, as seen in the following formula: rate of desulfurization (r) = −dC/dt = kC.



The reaction’s velocity constant (k) might be estimated using the relationship involving −ln(Ct/Co) and illumination time (t), where Co and Ct are the thiophene amounts at the start of the irradiation and at different irradiation time durations, respectively. The −ln(Ct/Co) vs. time relationship is shown in Figure 6b, and Table 1 shows the resulting k values. The velocity constant value for ZnO NCs was assessed to be 5.4 × 10−4 min−1, whereas those for 1.0, 2.0, 3.0, and 4.0 wt.% V2O5-ZnO nanocomposites were found in the sequence of 0.00248, 0.00801, 0.0166, and 0.0173 min−1 (Table 1). The velocity constant while using the 3.0 wt.% V2O5-ZnO nanocomposite was 30.7 times larger than when using pure ZnO NCs, according to the results in Table 1.



The impact of the photocatalyst’s dosage on the thiophene desulfurization level was investigated. Figure 7a reflects the thiophene desulfurization extent at different applied loads of the 3.0 wt.% V2O5-ZnO photocatalyst. When the catalyst dose increased from 0.4 to 1.6 g/L, the desulfurization extent increased from 75% to 100%; at such a dose (1.6 g/L), the desulfurization degree was verified to reach the maximum (100%) after 90 min of visible irradiation that might be attributed to the increased ·OH radical content. Nevertheless, when the V2O5-ZnO nanocomposite dosage surged above 1.6 g/L, the turbidity of the fluid in the system increased, hindering light propagation [58]. Due to excessive light scattering, the total degree of desulfurization was reduced to 85% when even a large dosage (2.0 g/L) of V2O5-ZnO nanocomposite was used [59].



Durability and stability are critical parameters regarding the application of recycled photocatalysts in commercial implementation. During the TPOD process using the 3.0 wt.% V2O5-ZnO photocatalyst, the durability and reusability of this material were examined for five runs. After the first and second runs, the photocatalytic performance was substantially retained, almost unchanged, but the effectiveness lowered to 99% in the next three runs, as shown in Figure 7b. The photocatalyst’s durability and stability were affirmed using the XRD measurements of the 3.0 wt.% V2O5-ZnO photocatalyst before and after the photocatalytic processes throughout 10 h irradiation, as shown in Supplementary Figure S1. The attained outcomes revealed that the manufactured V2O5-ZnO nanocomposites were extremely durable and stable, with no crystallinity collapse.



To support the attained findings, PL spectra were employed to examine the photoinduced charge carriers’ recombination rate. It is well-known that an increase in the separation amid the photogenerated charges suppresses the recombination rate between such charge carriers, resulting in a low PL intensity. The PL spectral graphs of V2O5-ZnO heterojunctions with various V2O5 percentages that were triggered at 365 nm are illustrated in Figure 8a. In the V2O5-ZnO nanostructured materials, the PL intensity observed at 452 nm gradually decreased with the increase in V2O5 proportions (from 0.0 up to 4.0 wt.%) and slightly red-shifted to relatively large wavelengths, suggesting that the progression of such nanocomposites can inhibit the electron–hole pair recombination and potentially lead to lower PL intensity. Thus the resulting heterojunctions acquired enhanced photonic effectiveness.



Photocurrent assessments, on the other hand, were used to confirm the photoinduced carriers’ recombination rate. The transient photocurrent assessments of mesoporous V2O5-ZnO nanocomposites when applied as photoanodes were investigated. The transient responses of electrodes produced with mesoporous V2O5-ZnO nanostructured materials comparable to pure ZnO NCs are shown in Figure 8b. Both the dark current and photocurrent for V2O5-ZnO nanostructured materials may quickly attain the equilibrium state via on/off irradiation, which is consistent with the previous reports [60,61]. Remarkably, the photocurrent response of the 3 wt.% V2O5-ZnO heterojunction reached three folds (22.7 µA cm−2) that of the pure ZnO (7.2 µA cm−2), showing that the V2O5-ZnO nanocomposites improved photoinduced carrier separation, which surely positively affects the photocatalytic efficiency. The outcomes of the PL and photocurrent responses were found to be compatible with those of the photocatalytic efficiency assessment.



To ensure that the TPOD process was completed, The gases yielded from the reaction were trapped in NaOH (0.2 M), and then Ba(NO3)2 (0.2 M) was added to the solution. The obtained precipitate was separated and dried before being identified by XRD analysis [62]. As shown in Supplementary Figure S3, the results of the XRD diffractogram of the produced precipitate confirmed the production of barium carbonate (ICDD-PDF No. 05-0378). This can be accredited to thiophene oxidation into CO2, which dissolves in sodium hydroxide solution and reacts with Ba(NO3)2 to produce BaCO3. Remarkably, HNO3 (aq) was used to dissolve BaCO3 in the white precipitate, and there was some white precipitate left over that did not dissolve. XRD analysis was performed to analyze the residual precipitate. According to the XRD data, the precipitate was identified as barium sulfate, which is consistent with ICDD-PDF No. 24-1035 (Supplementary Figure S4). This implied that thiophene was also oxidized to SO3. Therefore, the photocatalytic oxidation of thiophene often results in the production of SO3 and CO2 gaseous products [62].



The photocatalytic efficacy of the V2O5-ZnO nanostructured materials outperformed that of the pure ZnO NCs due to their major benefits of the different electronic structures of both V2O5 and ZnO (Figure 9). The photocatalytic efficiency of the V2O5-ZnO nanocomposite with 3.0 wt.% V2O5 outperformed that of the pure ZnO NCs. The influence of the V2O5-ZnO heterojunction’s theoretical band structure on photocatalytic activities was investigated. The bandgap energy rates of both semiconductors (V2O5 and ZnO) were initially measured, and the alignment locations of such semiconductors were then calculated as follows [63]:


ECB = X − Ee − 0.5Eg



(1)






EVB = ECB + Eg



(2)




where EVB refers to the valence band’s (VB) edge potential, ECB refers to the conduction band’s (CB) edge potential, Eg represents the semiconductor’s bandgap energy, X refers to semiconductor electronegativity (XV2O5 = 6.10 eV and XZnO = 5.79 eV) [63], and Ee refers to the free-electron energy on a hydrogen scale (4.5 eV). On the basis of the above equations, V2O5 acquired EVB of +2.78 and ECB of +0.43 eV, whereas ZnO acquired EVB of +2.89 eV and ECB of −0.31 eV, as seen in Figure 9a. Consequently, the resulting V2O5-ZnO heterojunction formation had a band structure that can be postulated [63]. Because of their close locations between their Fermi levels and band locations, both V2O5 and ZnO are perfect for creating junctions upon contact (Figure 9b). The photocatalytic performance improvement in the V2O5-ZnO heterojunction might be attributed to the simulated junction design and probably to the aligned bands of V2O5-ZnO heterojunctions that are revealed [53,61,64]. Owing to the electric field created at the heterojunction of the V2O5-ZnO combination, the photogenerated electrons can pass from the CB of the aligned, visible-light active V2O5 to the CB of visible-light inactive ZnO, leaving the generated holes remaining at the CB of V2O5. Thus, Figure 9b suggests a probable pathway for TPOD during visible irradiation. In other words, the charge carriers were separated when a V2O5-ZnO heterojunction was irradiated with an energy rate greater than or equal to the bandgap energy values of both V2O5 and ZnO. The photogenerated electrons easily flowed from the CB of V2O5 to that of ZnO. The photoinduced electrons reacted with O2 and OH−, resulting in the formation of O2·−, OOH, and OH−. Furthermore, the photoinduced holes trapped by OH− resulted in the formation of ·OH radicals, as revealed by supplementary experiments for radical confirmation (Figure S5). As a result of the complete oxidation, TPOD could be achieved on both sides of the heterojunction, releasing both CO2 and SO3 gaseous products. Evidently, the retarded recombination rate of photogenerated carriers was successfully accomplished on the interface of V2O5-ZnO heterojunction throughout the photocatalytic oxidation of thiophene, and then the created radicals such as ·OOH, ·OH, and O2·− as oxidizing agents could complete the TPOD process to CO2 and SO3 gaseous products. On the other hand, the photogenerated electrons were retrained by O2 to generate O2·−. Subsequently, the acquired O2·− transformed to H2O2, which was then broken down into the ·OH radicals. As a result, the produced mesoporous V2O5-ZnO heterojunctions may minimize recombination and increase photogenerated charges’ separation. Thus, by synthesizing V2O5 NCs on a mesoporous ZnO surface, a nanojunction arrangement could be created, enhancing photocatalytic efficiency for full thiophene oxidation to SO3 and CO2.





3. Experimental


3.1. Materials


Ammonium metavanadate (NH4VO3, 99%) and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99 %) were utilized as essential chemicals for nanocomposite manufacturing. The sulfur-containing compounds were modeled using thiophene (C4H4S). A Pluronic P-123 block copolymer surfactant was employed as a template. As reagents, absolute ethanol (C2H5OH, 99.8%), acetic acid (CH3COOH, 99.8%), and hydrochloric acid (HCl, 37%) were adopted. Acetonitrile (CH3CN, 99.8%) was applied as a solvent for thiophene. All the chemicals and reagents were outfitted from Sigma-Aldrich (Darmstadt, Germany).




3.2. Construction of Mesoporous V2O5-ZnO Nanostructured Materials


The Pluronic P-123 block copolymer was utilized as a template for constructing ZnO photocatalysts with a simple routine. The molar proportions of ZnO, P-123 block copolymer, absolute ethanol, hydrochloric acid, and acetic acid were applied with ratios of 1.00:0.02:50.00:2.25:3.75, correspondingly. Then, 0.2 g of the P-123 block copolymer was frequently mixed with absolute ethanol (30 mL) along with 1 h of vigorous agitation. The preceding combination was then mixed with zinc nitrate hexahydrate, acetic acid, and hydrochloric acid with quantities of 12.4 g, 2.3 mL, and 3.5 mL, correspondingly. To initiate the polymerization of both zinc ions and the P-123 block copolymer, the preceding combination was dried at 40 °C and about 60% relative humidity for 12 h. The resulting material was dried at 65 °C for 12 h. To obtain the mesoporous ZnO photocatalyst, the final product was sintered at 550 °C for 4 h.



V2O5 NCs were deposited into the mesoporous ZnO photocatalyst at varied V2O5 percentages (1.0, 2.0, 3.0, and 4.0 wt.%) and subsequently calcined for 3 h at 450 °C. Mesoporous ZnO (1.0 g) was typically mixed with ethanol (100 mL) and ultrasonicated for 5 min. After that, ammonium metavanadate (2.0 g) was added to the preceding suspension solution, which was agitated for 1 h. The solution was then dried by evaporating ethanol and placed in the furnace at 110 °C overnight. After that, the powdered material was heated for 3 h at 450 °C to obtain the V2O5-ZnO heterojunctions with 1.0, 2.0, 3.0, and 4.0 wt.% V2O5.




3.3. Characterization of the Manufactured Materials


A JEOL JEM-2100F transmission electron microscope (TEM, Tokyo, Japan) working at 200 kV was used to capture images of the manufactured V2O5-ZnO samples dispersed over carbon-coated grids. Utilizing a D4 Endeavour X diffractometer (Bruker AXS, Billerica, MA, USA) configured with Cu K radiation (=1.5418 Å), XRD measurements for V2O5-ZnO powders were explored. Using a Quantachrome NOVA 2000 surface area analyzer (Ostfildern, Germany), N2 isotherms were obtained after degassing V2O5-ZnO materials in a vacuum for 10 h at 200 °C. The specific surface area, as well as pore size distribution of the produced V2O5/ZnO materials, were assessed from the resulting isotherms. UV-Vis diffuse reflectance spectroscopy (DRS) was measured employing a Shimadzu UV-3600 UV/Vis/NIR spectrophotometer (Kyoto, Tapan) and barium sulfate as a reflectance reference in ambiance. Employing Thermo Scientific K-ALPHA spectrometer (Waltham, MA, USA) fitted with monochromatic Al Kα X-ray sources (1486.6 eV), the X-ray photoelectron spectroscopy (XPS) measurements of the 3.0 wt.% V2O5-ZnO samples were determined after calibration to the standard binding energy of the carbon peak located at 284.6 eV. The PL spectral curves of the V2O5-ZnO nanostructured materials were recorded using an RF-5301 PC spectrophotometer (Shimadzu, Kyoto, Tapan) and a xenon lamp (150 W, Ushio, Tokyo, Japan) as a source of excitation at a wavelength of 365 nm in ambiance. A three-electrode device was used to analyze the transient photocurrent spectra of the manufactured samples employing a Zahner Zennium electrochemical workstation (Kronach, Germany) in Na2SO4 (0.5 M).




3.4. Photocatalytic Performance Assessment


In a photoreactor, the photocatalytic desulfurization of thiophene was carried out in the existence of a steady supply of the oxidizing agent (oxygen gas). In the thiophene solution with acetonitrile as the solvent (sulfur content at the start = 600 ppm), a 1 g/L photocatalyst sample was dispersed. To reach thiophene adsorption equilibrium in the photocatalyst, the previous solution was stirred for 30 min in the dark. The temperature of the combination was sustained at around 15 ± 2 oC via cold water circulation. Visible illumination originated from a 300 W xenon lamp with a 45 mW cm−2 intensity and a wavelength range of 400–700 nm, which was enclosed in the reaction vessel. For 150 min, the system was exposed to visible illumination. A sample of the reaction mixture was taken at specific illumination durations and centrifuged to extract the solid photocatalyst. The concentration of thiophene in the sample was then determined using GC-FPD (Agilent 7890, FFAP column, Santa Clara, CA, USA).





4. Conclusions


Under visible-light exposure at an ambient temperature, V2O5-ZnO nanocomposites were effectively produced using a simple sol–gel routine for thiophene photocatalytic oxidative desulfurization. The photocatalytic effectiveness of the 3 wt.% V2O5-ZnO heterojunction was greater, with a velocity constant value of 0.0166 min−1, which was 30.7-fold higher than that of pure ZnO NCs (0.00054 min−1). The development of a nanojunction arrangement using V2O5 NCs on a mesoporous ZnO surface might improve photocatalytic efficiency for perfect thiophene oxidation to SO3 and CO2 gases. The synergistic influence, which encompasses quick thiophene transportation, a lesser light scattering action, and the generation of a substantial amount of ·OH radical content, might bring about a pronounced degree of thiophene desulfurization. The mesoporous V2O5-ZnO nanocomposites created using this simple method showed promise in TPOD processes using solar energy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/catal12090933/s1, Figure S1: UV-Vis-NIR spectrum of pure V2O5 and estimated bandgap in the inset; Figure S2: XRD patterns of the 3 wt.% V2O5/ZnO photocatalyst before and after photocatalytic reactions; Figure S3: XRD patterns of the produced BaCO3; Figure S4: XRD patterns of the produced BaSO4; Figure S5: Photocatalytic oxidative desulfurization of thiophene over the optimized nanocompo-sites using different radical scavengers.





Author Contributions


Conceptualization, A.S. and M.A.; formal analysis, A.S. and M.A.; funding acquisition, Z.I.Z.; methodology, M.A.; project administration, Z.I.Z.; software, Z.I.Z.; supervision, A.S.; validation, A.S.; visualization, A.S. and M.A.; writing—original draft preparation, A.S.; writing—review and editing, A.S. All authors have read and agreed to the published version of the manuscript.




Funding


Taif University Researchers Supporting Project (TURSP-2020/42), Taif University, Taif Saudi Arabia.




Data Availability Statement


All data that support the findings of this study are included within the article (and Supplementary Materials).




Acknowledgments


The authors thank the Taif University Researchers Supporting Project (TURSP-2020/42), Taif University, Taif Saudi Arabia. In the meantime, A. Shawky appreciates the technical support of-fered by his institution CMRDI in Egypt.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, C.; Ji, H.; Chen, C.; Ma, W.; Zhao, J. Desulfurization of thiophenes in oils into H2SO4 using molecular oxygen. Appl. Catal. B Environ. 2018, 235, 207–213. [Google Scholar] [CrossRef]

	



Lin, F.; Jiang, Z.; Tang, N.; Zhang, C.; Chen, Z.; Liu, T.; Dong, B. Photocatalytic oxidation of thiophene on RuO2/SO42−-TiO2: Insights for cocatalyst and solid-acid. Appl. Catal. B Environ. 2016, 188, 253–258. [Google Scholar] [CrossRef]

	



Colon, G.; Hidalgo, M.C.; Munuera, G.; Ferino, I.; Cutrufello, M.G.; Navío, J.A. Structural and surface approach to the enhanced photocatalytic activity of sulfated TiO2 photocatalyst. Appl. Catal. B Environ. 2006, 63, 45–59. [Google Scholar] [CrossRef]

	



Altass, H.M.; Morad, M.; Khder, A.S.; Manna, M.A.; Jassas, R.S.; Alsimare, A.A.; Ahmed, S.A.; Salama, R.S. Enhanced Catalytic Activity for CO Oxidation by Highly Active Pd Nanoparticles Supported on Reduced Graphene Oxide/Copper Metal-Organic Framework. J. Taiwan Inst. Chem. Eng. 2021, 128, 194–208. [Google Scholar] [CrossRef]

	



Liu, C.; Mao, S.; Shi, M.; Wang, F.; Xia, M.; Chen, Q.; Ju, X. Peroxymonosulfate activation through 2D/2D Z-scheme CoAl-LDH/BiOBr photocatalyst under visible light for ciprofloxacin degradation. J. Hazard. Mater. 2021, 420, 126613. [Google Scholar] [CrossRef]

	



El-Hakam, S.A.; Shorifi, F.T.A.L.; Salama, R.S.; Gamal, S.; AboEl-Yazeed, W.S.; Ibrahim, A.A.; Ahmed, A.I. Application of nanostructured mesoporous silica/bismuth vanadate composite catalysts for the degradation of methylene blue and brilliant green. J. Mater. Res. Technol. 2022, 18, 1963–1976. [Google Scholar] [CrossRef]

	



Alshorifi, F.T.; Alswat, A.A.; Mannaa, M.A.; Alotaibi, M.T.; El-Bahy, S.M.; Salama, R.S. Facile and Green Synthesis of Silver Quantum Dots Immobilized onto a Polymeric CTS–PEO Blend for the Photocatalytic Degradation of p-Nitrophenol. ACS Omega 2021, 6, 30432–30441. [Google Scholar] [CrossRef]

	



Liu, C.; Mao, S.; Wang, H.; Wu, Y.; Wang, F.; Xia, M.; Chen, Q. Peroxymonosulfate-assisted for facilitating photocatalytic degradation performance of 2D/2D WO3/BiOBr S-scheme heterojunction. Chem. Eng. J. 2022, 430, 132806. [Google Scholar] [CrossRef]

	



Altass, H.M.; Khder, A.S.; Ahmed, S.A.; Morad, M.; Alsabei, A.A.; Jassas, R.S.; Althagafy, K.; Ahmed, A.I.; Salama, R.S. Highly efficient, recyclable cerium-phosphate solid acid catalysts for the synthesis of tetrahydrocarbazole derivatives by Borsche-Drechsel cyclization. React. Kinet. Mech. Catal. 2021, 134, 143–161. [Google Scholar] [CrossRef]

	



Li, X.; Yang, X.; Zhou, F.; Zhang, J.; Yang, H.; Wang, Y.; Zhao, Y.; Yuan, X.; Ju, J.; Hu, S. Construction of novel amphiphilic [Bmin]3PMo12O40/g-C3N4 heterojunction catalyst with outstanding photocatalytic oxidative desulfurization performance under visible light. J. Taiwan Inst. Chem. Eng. 2019, 100, 210–219. [Google Scholar] [CrossRef]

	



Zhang, X.; Song, H.; Sun, C.; Chen, C.; Han, F.; Li, X. Photocatalytic oxidative desulfurization and denitrogenation of fuels over sodium doped graphitic carbon nitride nanosheets under visible light irradiation. Mater. Chem. Phys. 2019, 226, 34–43. [Google Scholar] [CrossRef]

	



Djouambi, N.; Bougheloum, C.; Messalhi, A.; Bououdina, M.; Banerjee, A.; Chakraborty, S.; Ahuja, R. New Concept on Photocatalytic Degradation of Thiophene Derivatives: Experimental and DFT Studies. J. Phys. Chem. C 2018, 122, 15646–15651. [Google Scholar] [CrossRef]

	



Yu, S.Y.; Waku, T.; Iglesia, E. Catalytic desulfurization of thiophene on H-ZSM5 using alkanes as co-reactants. Appl. Catal. A Gen. 2003, 242, 111–121. [Google Scholar] [CrossRef]

	



Nemeth, L.; Bare, S.R.; Rathbun, W.; Gatter, M.; Low, J. Oxidative desulfurization of sulfur compounds: Oxidation of thiophene and derivatives with hydrogen peroxide using Ti-Beta catalyst. Stud. Surf. Sci. Catal. 2008, 174, 1017–1020. [Google Scholar]

	



Mello, P.D.A.; Duarte, F.A.; Nunes, M.A.G.; Alencar, M.S.; Moreira, E.M.; Korn, M.; Dressler, V.L.; Flores, É.M.M. Ultrasound-assisted oxidative process for sulfur removal from petroleum product feedstock. Ultrason. Sonochem. 2009, 16, 732–736. [Google Scholar] [CrossRef] [PubMed]

	



Jose, N.; Sengupta, S.; Basu, J.K. Optimization of oxidative desulfurization of thiophene using Cu/titanium silicate-1 by box-behnken design. Fuel 2011, 90, 626–632. [Google Scholar] [CrossRef]

	



Shawky, A.; Albukhari, S.M.; Amin, M.S.; Zaki, Z.I. Mesoporous V2O5/g-C3N4 nanocomposites for promoted mercury (II) ions reduction under visible light. J. Inorg. Organomet. Polym. Mater. 2021, 31, 4209–4221. [Google Scholar] [CrossRef]

	



El-Yazeed, W.S.A.; El-Hakam, S.A.; Salama, R.S.; Ibrahim, A.A.; Ahmed, A.I. Ag-PMA supported on MCM-41: Surface Acidity and Catalytic Activity. J. Sol-Gel Sci. Technol. 2022, 102, 387–399. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; McKinney, D.; Kadi, M.W.; Mkhalid, I.A.; Sigmund, W. Platinum/zinc oxide nanoparticles: Enhanced photocatalysts degrade malachite green dye under visible light conditions. Ceram. Int. 2016, 42, 9375–9381. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; Harraz, F.A.; Mkhalid, I.A. Hydrothermal synthesis of size-controllable Yttrium Orthovanadate (YVO4) nanoparticles and its application in photocatalytic degradation of direct blue dye. J. Alloys Compd. 2012, 532, 55–60. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; Mkhalid, I.A. Visible light photocatalytic degradation of cyanide using Au-TiO2/multi-walled carbon nanotube nanocomposites. J. Ind. Eng. Chem. 2015, 22, 390–395. [Google Scholar] [CrossRef]

	



Kadi, M.W.; McKinney, D.; Mohamed, R.M.; Mkhalid, I.A.; Sigmund, W. Fluorine doped zinc oxide nanowires: Enhanced photocatalysts degrade malachite green dye under visible light conditions. Ceram. Int. 2016, 42, 4672–4678. [Google Scholar] [CrossRef]

	



Sobahi, T.R.; Amin, M.S. Synthesis of ZnO/ZnFe2O4/Pt nanoparticles heterojunction photocatalysts with superior photocatalytic activity. Ceram. Inter. 2020, 46, 3558–3564. [Google Scholar] [CrossRef]

	



Kadi, M.W.; Mohamed, R.M.; Ismail, A.A.; Bahnemann, D.W. Soft and hard templates assisted synthesis mesoporous CuO/g-C3N4 heterostructures for highly enhanced and accelerated Hg (II) photoreduction under visible light. J. Colloid Interface Sci. 2020, 580, 223–233. [Google Scholar] [CrossRef] [PubMed]

	



Ismail, A.A.; Ibrahim, I.A.; Mohamed, R.M. Sol-gel synthesis of vanadia–silica for photocatalytic degradation of cyanide. Appl. Catal. B Environ. 2003, 45, 161–166. [Google Scholar] [CrossRef]

	



Zhang, Z.; Chen, Y.; He, S.; Zhang, J.; Xu, X.; Yang, Y.; Nosheen, F.; Saleem, F.; He, W.; Wang, X. Hierarchical Zn/Ni-MOF-2 nanosheet-assembled hollow nanocubes for multicomponent catalytic reactions. Angew. Chem. Int. Ed. 2014, 53, 12517–12521. [Google Scholar]

	



Mohamed, R.M.; Ismail, A.A.; Kadi, M.W.; Alresheedi, A.S.; Mkhalid, I.A. Photocatalytic performance mesoporous Nd2O3 modified ZnO nanoparticles with enhanced degradation of tetracycline. Catal. Today 2021, 380, 259–267. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; Mkhalid, I.A.; Alhaddad, M.; Basaleh, A.; Alzahrani, K.A.; Ismail, A.A. Construction of hierarchical ZnS@ZnO secured from metal-organic framework-ZnS@ZIF-8 for enhanced photoreduction of CO2. J. Taiwan Inst. Chem. Eng. 2021, 127, 208–219. [Google Scholar] [CrossRef]

	



Rao, N.; Sivasankar, B.; Sadasivam, V. Kinetic study on the photocatalytic degradation of salicylic acid using ZnO catalyst. J. Hazard Mater. 2009, 166, 1357–1361. [Google Scholar]

	



Wu, W.Y.; Ting, J.M.; Huang, P.J. Electrospun ZnO nanowires as gas sensors for ethanol detection. Nanoscale Res. Lett. 2009, 4, 513–517. [Google Scholar] [CrossRef]

	



Lee, K.S.; Park, C.W.; Kim, J.D. Electrochemical properties and characterization of various ZnO structures using a precipitation method. Colloids Surf. Physicochem. Eng. Asp. 2017, 512, 87–92. [Google Scholar] [CrossRef]

	



Maiti, U.N.; Ahmed, S.F.; Mitra, M.K.; Chattopadhyay, K.K. Novel low-temperature synthesis of ZnO nanostructures and its efficient field emission property. Mater. Res. Bull. 2009, 44, 134–139. [Google Scholar] [CrossRef]

	



Baruah, S.; Dutta, J. pH-dependent growth of zinc oxide nanorods. J. Cryst. Growth 2009, 311, 2549–2554. [Google Scholar] [CrossRef]

	



Zhou, L.; Han, Z.; Li, G.; Zhao, Z. Journal of Physics and Chemistry of Solids Template-free synthesis and photocatalytic activity of hierarchical hollow ZnO microspheres composed of radially aligned nanorods. J. Phys. Chem. Solid. 2021, 148, 109719. [Google Scholar] [CrossRef]

	



Lee, S.K.; Kim, A.; Kim, S.W. Control of ZnO shape using sonochemical synthetic method and its photocatalytic activity. Nanosci. Nanotechnol. Lett. 2017, 9, 969–974. [Google Scholar] [CrossRef]

	



Abinaya, C.; Prasankumar, T.; Jose, S.P.; Anitha, K.; Ekstrum, C.; Pearce, J.M.; Mayandi, J. Synthetic method dependent physicochemical properties and electrochemical performance of Ni-doped ZnO. Chem. Sel. 2017, 2, 9014–9023. [Google Scholar] [CrossRef]

	



Wang, Z.; Hu, M.; Wang, Q.; Li, L. Efficient and sustainable photocatalytic degradation of dye in wastewater with porous and recyclable wood foam@V2O5 photocatalysts. J. Clean. Prod. 2022, 332, 130054. [Google Scholar] [CrossRef]

	



Singh, J.; Singh, R.C. Structural, optical, dielectric and transport properties of ball mill synthesized ZnO–V2O5 nano-composites. J. Mol. Struct. 2020, 1215, 128261. [Google Scholar] [CrossRef]

	



Zeleke, M.A.; Kuo, D.-H. Synthesis and application of V2O5-CeO2 nanocomposite catalyst for enhanced degradation of methylene blue under visible light illumination. Chemosphere 2019, 235, 935–944. [Google Scholar] [CrossRef]

	



Reddy, C.V.; Reddy, I.N.; Koutavarapu, R.; Reddy, K.R.; Saleh, T.A.; Aminabhavi, T.M.; Shim, J. Novel edge-capped ZrO2 nanoparticles onto V2O5 nanowires for efficient photosensitized reduction of chromium (Cr (VI)), photoelectrochemical solar water splitting, and electrochemical energy storage applications. Chem. Eng. J. 2022, 430, 132988. [Google Scholar] [CrossRef]

	



Chai, S.; Shuangde, L.; Weiman, L.; Qinzhong, Z.; Dongdong, W.; Yunfa, C. Fabrication of high loading V2O5/TiO2 catalysts derived from metal-organic framework with excellent activity for chlorobenzene decomposition. Appl. Surf. Sci. 2022, 572, 151511. [Google Scholar] [CrossRef]

	



Lyu, L.-M.; Huang, M.H. Investigation of relative stability of different facets of Ag2O nanocrystals through face-selective etching. J. Phys. Chem. C 2011, 115, 17768–17773. [Google Scholar] [CrossRef]

	



Kadi, M.W.; Mohamed, R.M.; Ismail, A.A.; Bahnemann, D.W. Decoration of g-C3N4 nanosheets by mesoporous CoFe2O4 nanoparticles for promoting visible-light photocatalytic Hg (II) reduction. Colloids Surf. A Physicochem. Eng. Asp. 2020, 603, 125206. [Google Scholar] [CrossRef]

	



Kadi, M.W.; Mohamed, R.M.; Ismail, A.A.; Bahnemann, D.W. Performance of mesoporous α-Fe2O3/g-C3N4 heterojunction for photoreduction of Hg (II) under visible light illumination. Ceram. Int. 2020, 46, 23098–23106. [Google Scholar] [CrossRef]

	



Ma, M.; Ji, F.; Du, X.; Liu, S.; Liang, C.; Xiong, L. V2O5@ TiO2 composite as cathode material for lithium-ion storage with excellent performance. J. Solid State Electrochem. 2020, 24, 2419–2425. [Google Scholar] [CrossRef]

	



Yan, C.; Liu, L. Sn-doped V2O5 nanoparticles as catalyst for fast removal of ammonia in air via PEC and PEC-MFC. Chem. Eng. J. 2020, 392, 123738. [Google Scholar] [CrossRef]

	



Kumar, A.; Sharma, S.K.; Sharma, G.; Naushad, M.; Stadler, F.J. CeO2/g-C3N4/V2O5 ternary nano hetero-structures decorated with CQDs for enhanced photo-reduction capabilities under different light sources: Dual, Z.-scheme mechanism. J. Alloys Compd. 2020, 838, 155692. [Google Scholar] [CrossRef]

	



Liu, B.; Yin, D.; Zhao, F.; Khaing, K.K.; Chen, T.; Wu, C.; Deng, L.; Li, L.; Huang, K.; Zhang, Y. Construction of a Novel Z-scheme Heterojunction with Molecular Grafted Carbon Nitride Nanosheets and V2O5 for Highly Efficient Photocatalysis. J. Phys. Chem. C 2019, 123, 4193–4203. [Google Scholar] [CrossRef]

	



Lee, M.; Balasingam, S.K.; Jeong, H.Y.; Hong, W.G.; Lee, H.-B.; Kim, B.H.; Jun, Y. One-step hydrothermal synthesis of graphene decorated V2O5 nanobelts for enhanced electrochemical energy storage. Sci. Rep. 2015, 5, 8151. [Google Scholar] [CrossRef]

	



Shawky, A.; Albukhari, S.M. Design of Ag3VO/ZnO nanocrystals as visible-light-active photocatalyst for efficient and rapid oxidation of ciprofloxacin antibiotic waste. J. Taiwan Inst. Chem. Eng. 2022, 133, 104268. [Google Scholar] [CrossRef]

	



Shawky, A.; Alshaikh, H. Cobalt ferrite-modified sol-gel synthesized ZnO nanoplatelets for fast and bearable visible light remediation of ciprofloxacin in water. Environ. Res. 2022, 205, 112462. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; Shawky, A. Visible-light-driven hydrogen production over ZIF-8 derived Co3O4/ZnO S-scheme based p-n heterojunctions. Opt. Mater. 2022, 124, 112012. [Google Scholar] [CrossRef]

	



Biesinger, M.C.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V., Cu and Zn. Appl. Surf. Sci. 2010, 257, 887–888. [Google Scholar] [CrossRef]

	



Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of Amorphous Germanium. Phys. Status Solidi 1966, 15, 627. [Google Scholar] [CrossRef]

	



Sarkar, D.; Ghosh, C.K.; Mukherjee, S.; Chattopadhyay, K.K. Three dimensional Ag2O/TiO2 Type-II (p-n) nanoheterojunctions for superior photocatalytic Activity. ACS Appl. Mater. Interfaces 2013, 5, 331–337. [Google Scholar] [CrossRef] [PubMed]

	



Hellsing, B.; Zhdanov, V.P. The island model of a Langmuir-Hinshelwood reaction. Chem. Phys. Lett. 1988, 147, 613–618. [Google Scholar] [CrossRef]

	



Zhao, D.; Zhang, J.; Wang, J.; Liang, W.; Li, H. Photocatalytic oxidation desulfurization of diesel oil using Ti-containing zeolite. Petrol. Sci. Technol. 2009, 27, 1–11. [Google Scholar] [CrossRef]

	



Shawky, A.; Alhaddad, M.; Al-Namshah, K.S.; Mohamed, R.M.; Awwad, N.S. Synthesis of Pt-decorated CaTiO3 nanocrystals for efficient photoconversion of nitrobenzene to aniline under visible light. J. Mol. Liq. 2020, 304, 112704. [Google Scholar] [CrossRef]

	



Mohamed, R.M.; Shawky, A. CNT supported Mn-doped ZnO nanoparticles: Simple synthesis and improved photocatalytic activity for degradation of malachite green dye under visible light. Appl. Nanosci. 2018, 8, 1179–1188. [Google Scholar] [CrossRef]

	



Alsaggaf, W.T.; Shawky, A.; Mahmoud, M.H.H. S-scheme CuO/ZnO p-n heterojunctions for endorsed photocatalytic reduction of mercuric ions under visible light. Inorg. Chem. Commun. 2022, 143, 109778. [Google Scholar] [CrossRef]

	



Lin, F.; Wang, D.; Jiang, Z.; Ma, Y.; Li, J.; Li, R.; Li, C. Photocatalytic oxidation of thiophene on BiVO4 with dual co-catalysts Pt and RuO2 under visible light irradiation using molecular oxygen as oxidant. Energy Environ. Sci. 2012, 5, 6400. [Google Scholar] [CrossRef]

	



Liu, C.; Mao, S.; Shi, M.; Hong, X.; Wang, D.; Wang, F.; Xia, M.; Chen, Q. Enhanced photocatalytic degradation performance of BiVO4/BiOBr through combining Fermi level alteration and oxygen defect engineering. Chem. Eng. J. 2022, 449, 137757. [Google Scholar] [CrossRef]

	



Kadi, M.W.; El-Hout, S.I.; Shawky, A.; Mohamed, R.M. Enhanced mercuric ions reduction over mesoporous S-scheme LaFeO3/ZnO p-n heterojunction photocatalysts. J. Taiwan Inst. Chem. Eng. 2022, 138, 104476. [Google Scholar] [CrossRef]

	



Kolanu, S.; Fite, S.; Chen, Q.-C.; Lee, W.; Churchil, D.G.; Gross, Z.; Zhan, X. Clean Ar–Me conversion to Ar-aldehyde with the aid of carefully designed metallocorrole photocatalysts. Photochem. Photobiol. Sci. 2020, 19, 996–1000. [Google Scholar]








[image: Catalysts 12 00933 g001 550] 





Figure 1. XRD patterns of pure ZnO sample and V2O5-ZnO nanostructured materials with various V2O5 concentrations. 
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Figure 2. Nitrogen sorption isotherms of pure ZnO NCs and 3 wt.% V2O5-ZnO nanocomposites; inset shows pore size distribution curves for pure ZnO NCs and 3 wt.% V2O5-ZnO nanocomposite. 
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Figure 3. TEM photographs of (a) pure ZnO, (b) 3 wt.% V2O5-ZnO nanocomposite, and (c) HR-TEM photograph of 3 wt.% V2O5-ZnO nanocomposite. 
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Figure 4. XPS examination of 3 wt.% V2O5-ZnO nanocomposite progressed by (a) V 2p, (b) Zn 2p, and (c) O 1s emissions. 
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Figure 5. (a) DRS spectral graphs of all manufactured samples; (b) graph of transferred Kubelka–Munk vs. adsorbed light energy for pure ZnO and V2O5-ZnO nanocomposites. 
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Figure 6. (a) The graphical representation of −ln (Ct/Co) vs. visible irradiation duration when applying pure ZnO and V2O5-ZnO nanocomposites; (b) the thiophene photocatalytic transformation when applying pure ZnO and V2O5-ZnO nanostructured materials under visible illumination. 
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Figure 7. (a) Consequence of 3 wt.% V2O5-ZnO nanocomposite dosage amount on thiophene photocatalytic transformation; (b) recyclability of 3 wt.% V2O5-ZnO nanocomposite for 5 intervals under visible illumination. 
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Figure 8. (a) PL spectral curves and (b) photoexcited electrons’ transmission efficiency when applying all manufactured materials. 
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Figure 9. Predicted band positions (a) before contact of ZnO and V2O5 and the proposed photocatalytic pathway of V2O5-ZnO nanostructured composites after contact (b) for TPOD under visible irradiation. 
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Table 1. Surface area, bandgap, and photooxidative desulfurization rate of thiophene using ZnO and V2O5-ZnO photocatalysts.
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	Samples
	SBET

m2 g−1
	Bandgap, eV
	k, min−1
	R2
	r, µmolL−1 min−1





	ZnO
	145
	3.21
	5.4 × 10−4
	0.990
	3.877



	1.0 % V2O5-ZnO
	130
	3.02
	0.00248
	0.992
	17.684



	2.0% V2O5-ZnO
	124
	2.95
	0.00801
	0.994
	57.119



	3.0% V2O5-ZnO
	119
	2.90
	0.0166
	0.994
	118.374



	4.0% V2O5-ZnO
	118
	2.89
	0.0173
	0.992
	123.366







SBET: surface area, k: reaction rate constant, r: desulfurization rate.
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